Axin-1, a negative regulator of Wnt signaling, is a versatile scaffold protein involved in centrosome separation and spindle assembly in mitosis, but its function in mammalian oogenesis remains unknown. Here we examined the localization and function of Axin-1 during meiotic maturation in mouse oocytes. Immunofluorescence analysis showed that Axin-1 was localized around the spindle. Knockdown of the Axin1 gene by microinjection of specific short interfering (si)RNA into the oocyte cytoplasm resulted in severely defective spindles, misaligned chromosomes, failure of first polar body (PB1) extrusion, and impaired pronuclear formation. However, supplementing the culture medium with the Wnt pathway activator LiCl improved spindle morphology and pronuclear formation. Downregulation of Axin1 gene expression also impaired the spindle pole localization of γ-tubulin/Nek9 and resulted in retention of the spindle assembly checkpoint protein BubR1 at kinetochores after 8.5 h of culture. Our results suggest that Axin-1 is critical for spindle organization and cell cycle progression during meiotic maturation in mouse oocytes.
Introduction
Mammalian oocyte maturation is a multi-stage, accurately orchestrated and orderly process [1, 2] . Germinal vesicle breakdown (GVBD) indicates the beginning of oocyte maturation. After that, microtubules assemble to form a bipolar structure around the chromosomes during prometaphase I (Pro MI). Chromosomes migrate to the spindle equator at metaphase I (MI). Subsequently, the spindle migrates to the cortex and the oocyte emits the first polar body (PB1), followed by the formation of the metaphase II (MII) spindle beneath the plasma membrane [3] . In this process, two critical events are Pro MI arrest and progression through the first meiotic division [4] . The correct formation and organization of the meiotic spindle is essential for accurate chromosome organization, congression, and segregation in meiotic maturation. Meiotic spindle formation in mouse oocytes relies on microtubule organizing centers (MTOCs) that lack centrioles [5, 6] , and these mainly consist of centrosomal proteins, such as γ-tubulin, p38α, and Nek9 [7, 8] .
Wnt signaling pathways regulate a number of biological processes such as cell proliferation, motility and oncogenesis [9] . Various components of these pathways are implicated in chromosomal instability and mitosis [10] [11] [12] [13] . Axin, a key constituent of Wnt signaling, is a scaffold protein implicated in multiple signaling pathways including mitogen-activated protein kinase activation, and p53 signaling in responses to DNA damage [14] [15] [16] . Axin genes include Axin1 and its homologue Axin2. Compared to the multi-function of Axin2 in cell proliferation, cytometaplasia, migration, apoptosis and other cell functions, the Axin-1 protein is considered to localized to the centrosome and forms a complex with γ-tubulin. Depletion of Axin1 gene expression was shown to affect the localization of γ-tubulin and centrosomal microtubule nucleation [17] . In addition, Axin-1 protein has been shown to localize at the centrosome and along mitotic spindles, and to regulate the distribution of polo-like kinase 1 and glycogen synthase kinase 3 beta. These interactions affect mitotic processes, such as cytokinesis in the presence of the Aurora kinase inhibitor [18] . In addition, phosphorylation of Axin-1 by PLK1 plays a crucial role in controlling its association with γ-tubulin, centrosome formation, and segregation [19] .
Although Axin-1 plays key roles in mitosis, whether it participates in meiosis remains unknown. Here, we used immunofluorescence staining to examine its localization, and used specific short interfering (si)RNA sequences to examine its functions in mouse oocyte meiosis.
Materials and Methods

Ethics statement
Mice care and use were conducted in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by Animal Studies Committee of Xiamen University, China (approval ID: XMUMC 2011-10-08). ICR mice were housed and bred at temperature-controlled room, received the standard murine chow diet, and kept on a cycle of 12 h light and 12 h dark, with the darkness starting from 19:00. The mice were killed by cervical dislocation. All efforts were made to minimize suffering and the only procedures performed on the dead animals were getting ovaries and the collection of oocytes from the ovaries.
Antibodies and chemicals
A rabbit polyclonal anti-Axin-1 antibody was purchased from Millipore (Billerica, MA, USA). Sheep polyclonal anti-BubR1 and rabbit polyclonal anti-Nek9 antibodies were from Abcam (Boston, USA). Mouse monoclonal anti-γ-tubulin antibody, anti-α-tubulin FITC-tagged antibody, and TRITC-tagged anti-phalloidin were obtained from Sigma-Aldrich (St Louis, USA). Alexa Fluor 546-conjugated donkey anti-rabbit and donkey anti-sheep antibodies were purchased from Life Technologies (Carlsbad, USA). An Alexa Fluor 546-conjugated donkey antimouse antibody was purchased from Invitrogen Life Technologies (Carlsbad, USA). Control rabbit IgG was purchased from Santa Cruz Biochemicals (Dallas, USA). Mounting medium containing DAPI was purchased from Vector Laboratories (Burlingame, USA) and milrinone was purchased from Cayman Chemical Co. (Ann Arbor, USA).
Oocyte collection and culture
Germinal vesicle (GV)-intact oocytes were collected from the ovaries of 6-to 8-week-old female ICR mice in M2 medium (Sigma-Aldrich, St Louis, USA) supplemented with or without 2.5 μM milrinone. The oocytes were washed thoroughly and cultured in M2 medium under sterile liquid paraffin oil at 37°C in an atmosphere of 5% CO 2 in humidified air. Oocytes were collected for treatment or examination at the indicated times during culture.
Real-time quantitative polymerase chain reaction (PCR) analysis
Analysis of Axin1 gene mRNA expression was measured by real-time quantitative PCR and the ΔΔC T method. We used a Dynabead mRNA DIRECT kit (Life Technologies AS, Oslo, Norway) to extract the total RNA from 70 oocytes. First strand cDNA was generated using a cDNA synthesis kit (Toyobo, Tokyo, Japan), using Oligo(dT) 12-18 nucleotide primers (Takara Bio Inc., Tokyo, Japan). A cDNA fragment of Axin1 was amplified using the following primers: forward, CAC CCA GAA GCT GCT ATT GGA GA, reverse, CCA GGG CAT AGC CAG AGT TGA. We used SYBR Green real-time PCR Master Mix kits (Life Technologies, Carlsbad, USA) with a Step One real-time PCR system (Applied Biosystems, Foster City, USA) under the following conditions: 50°C for 2 min and 95°C for 2 min; followed by 40 cycles of 95°C for 15 s and 60°C for 1 min.
Axin1 siRNA microinjection
Aliquots of~5-10 pL of 50 μM Axin1 siRNA (GenePharma, Shanghai, P. R. China) (5 0 -GGG AGC UAC AGA UAC UAC UTT-3 0 ; 5 0 -AGU AGU AUC UGU AGC UCC CTT-3 0 ) were microinjected into the cytoplasm of fully grown GV stage oocytes, using a Nikon Diaphot ECLIPSE TE300 inverted microscope (Nikon UK Ltd., Kingston upon Thames, UK) equipped with a Narishige MM0-202N hydraulic three-dimensional micromanipulator (Narishige Inc., Sea Cliff, USA). After microinjection, the oocytes were cultured for 24 h in M2 medium containing 2.5 μM milrinone, and then given three 2-min washes in fresh M2 medium. The oocytes were the transferred to M2 medium for 8.5 h or 12 h with 2.5 μM LiCl under sterile paraffin oil at 37°C under 5% CO 2 in humidified air. Control oocytes were microinjected with 5-10 pL of negative control siRNA. The spindle phenotypes and chromosome alignment were examined using confocal microscopy. Polar body extrusion was observed using a stereomicroscope.
Western blotting
Groups of 200 mouse oocytes were collected in sodium dodecyl sulfate (SDS) sample buffer and heated for 5 min at 100°C. The proteins were separated by SDS-polyacrylamide gel electrophoresis (PAGE), transferred electrically to polyvinylidene fluoride membranes, and then blocked in TBST containing 5% skimmed milk for 1 h, followed by incubation overnight at 4°C with a rabbit polyclonal anti-Axin-1 antibody (1:800, Millipore) and a mouse monoclonal anti-β-actin antibody (1:10000, Abcam, Cambridge, UK). After three 10-min washes in TBST, the membranes were incubated for 1 h at 37°C with peroxidase-conjugated rabbit anti-mouse IgG (1:1000, Zhong Shan Jin Qiao Co., Beijing, P. R. China) and peroxidase-conjugated mouse anti-rabbit IgG (1:1000, Zhong Shan Jin Qiao Co., P. R. China). Finally, the membranes were processed using SuperSignal West Femto maximum sensitivity substrates.
Immunofluorescence and confocal microscopy
The protocol was essentially as described [20] [21] [22] . For single immunostaining of Axin-1, α-tubulin, BubR1, or control rabbit IgG, oocytes were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) for 30 min at room temperature. After being permeabilized with 0.5% Triton X-100 at room temperature for 30 min, oocytes were blocked in PBS supplemented with 1% bovine serum albumen (BSA) for 1 h and incubated overnight at 4°C with 1:100 diluted rabbit anti-Axin-1 antibody, 1:200 mouse anti-α-tubulin-FITC antibody, 1:25 sheep polyclonal anti-BubR1 antibody or 1:50 control rabbit IgG; all in PBS. After three 5-min washes in PBS containing 0.1% Tween 20 and 0.01% Triton X-100, the oocytes were labeled with 1:250 donkey anti-sheep IgG antibodies conjugated with Alexa Fluor 546 (to stain BubR1), or 1:500 donkey Anti-Rabbit IgG antibodies conjugated with Alexa Fluor 546 (to stain Axin-1) for 1 h at room temperature (this step was omitted for immunostaining of α-tubulin).
For double immunostaining of γ-and α-tubulin, after being fixed, permeabilized and blocked as above, oocytes were incubated overnight at 4°C with a 1:50 mouse monoclonal anti-γ-tubulin antibody in PBS. After three 5-min washes in washing buffer (PBS containing 0.1% Tween 20 and 0.01% Triton X-100), the oocytes were labeled with 1:350 donkey anti-mouse IgG antibodies conjugated with Alexa Fluor 546 for 1 h. After γ-tubulin immunostaining, the oocytes were again blocked in 1% PBS with 1% BSA for 1 h at room temperature, followed by immunostaining with 1:200 mouse anti-α-tubulin-FITC antibody for another 1 h.
For double immunostaining of Nek9 and α-tubulin, after being fixed, permeabilized, and blocked as above, oocytes were incubated overnight at 4°C with a 1:40 mouse monoclonal antiNek9 antibody. After three 5-min washes in washing buffer as above, the oocytes were immunolabeled with 1:400 donkey anti-rabbit IgG antibodies conjugated with Alexa Fluor 546 in PBS for 1 h. The oocytes were again blocked in 1% PBS with 1% BSA for 1 h at room temperature, followed by immunostaining with 1:200 mouse anti-α-tubulin-FITC antibody in PBS for 1 h. After three 5-min washes in PBS containing 0.1% Tween 20 and 0.01% Triton X-100, the oocytes were mounted on glass slides with mounting medium containing DAPI for staining DNA. Finally, the oocytes were examined using an FV1000 confocal laser-scanning microscope (Olympus, Tokyo, Japan).
Parthenogenetic activation
The activation medium was Ca 2+ -free CZB medium supplemented with 10 mM SrCl 2 and 5 μg/ml cytochalasin B. All samples were activated simultaneously. Oocytes were washed three times in activation solution and transferred to activation medium for 6 h, then examined under a stereomicroscope to observe pronuclear formation.
Statistical analysis
At least three replicates were conducted for each treatment. Data (mean ± standard error of the mean, SEM) were analyzed using analysis of variance using Graph-Pad Prism software (v. 5; La Jolla, USA) followed by Student-Newman-Keuls test, and P < 0.05 was considered significant. Different superscripts in figures and tables indicate statistically significant differences and the numbers of oocytes are labeled in parentheses as (n).
Results
Subcellular localization of Axin-1 during meiotic maturation in mouse oocytes
As shown in Fig 1, Axin-1 was distributed throughout the cytoplasm and seemingly concentrated around the germinal vesicle at the GV stage. After GVBD, an accumulation of dotted structures of Axin-1 appeared in the central part of the oocyte. When oocytes came to prometaphase I, Axin-1 was localized around the spindle, as the chromosomes began to arrange themselves. And by MI, when chromosomes were regularly aligned at the equatorial plate, Axin-1 was found around the spindles. After the formation of the second meiotic spindle at MII, Axin-1 presented the same localization, was found around the spindles. The negative IgG control showed no signals.
Knockdown of Axin1 gene expression led to abnormal meiotic spindles and misaligned chromosomes
Axin1 siRNA microinjection successfully depressed the mRNA level (19.0 ± 0.1% vs. control at 100.9 ± 1.0%, n = 210; P < 0.05) (Fig 2A) . We also detected the expression of Axin-1 by western blotting (Fig 2B) . After siRNA microinjection, the oocytes were collected after 8.5 h culture and used for further immunostaining. In the Axin1 siRNA-microinjection group, oocytes exhibited different kinds of morphologically defective spindles, including no poles, single poles, or multiple poles, along with elongated and deformed spindles (Fig 2C) . However, normal spindles were present in the LiCl treatment group. The rate of abnormal spindle formation in the Axin1 siRNA-injected group was significantly higher than in the control group (74.6 ± 3.6%, n = 92 vs. 17.1 ± 3.1%, n = 94 in controls; P < 0.05) (Fig 2D) . In addition, the incidence of misaligned chromosomes in the Axin1 siRNA-injected group was up to 56.9 ± 2.8%, much higher than in the control group (19.8 ± 4.4%; P < 0.05) (Fig 2E) .
Knockdown of Axin1 gene expression caused disruption of γ-tubulin and Nek9 localizations
The results shown above indicated that the Axin-1 protein might be involved in spindle organization. It is known that the MTOC-specific proteins γ-tubulin and Nek9 are important for microtubule nucleation and organization, leading to spindle formation during mouse oogenesis [23, 24] , so we investigated the effect of Axin1 gene knockdown on the localizations of γ-tubulin and Nek9. We found that Axin-1 depletion affected the localization of γ-tubulin. As shown in Fig 3A, γ-tubulin was localized to the spindle poles in the control group. However, it failed to locate to the spindle poles and became scattered around the spindle in the Axin1 siRNA-injected group. Axin-1 depletion also affected the localization of Nek9. As shown in Fig 3B, Nek9 was localized to both spindle poles in the control group, whereas in the Axin1 siRNA-injected group it failed to concentrate at the spindle poles and instead was located on the spindle fibers.
Knockdown of Axin1 gene expression decreased GVBD rate, PB1 extrusion and activated the spindle assembly checkpoint (SAC) protein BubR1
After Axin1 or control siRNA microinjections, oocytes were cultured in fresh M2 medium for 12 h. The GVBD rate was reduced in the Axin1 siRNA-injected group compared with control In the Axin1-specific siRNA-injected group, the oocytes exhibited various morphologically defective spindles and misaligned chromosomes. However, when supplemented with LiCl, the spindles morphology were rescued. (D) Percentages of oocytes with abnormal spindles in the Axin1 siRNA-injected group (n = 92) and control group (n = 94) and LiCl group (n = 89). Data are presented as the mean ± SEM. Different superscripts indicate significant differences (P < 0.05). (E) Percentages of oocytes with misaligned chromosomes in the Axin1 siRNA-injected group (n = 92) and control group (n = 90). Data are presented as the mean ± SEM. Superscripts indicate statistically significant differences (P < 0.05). (44.6 ± 2.0%, n = 198 vs. 54.4 ± 2.2%, n = 226) (Fig 4A) . The PB1 extrusion rate in the Axin1 siRNA-injected group (45.6 ± 2.2%, n = 198) was significantly lower than in the control group (55.3 ± 2.0%, n = 226; P < 0.05) (Fig 4B) . Next, we analyzed the localization of BubR1 in oocytes from the Axin1 siRNA-injected group to explore activation of this SAC protein. Specific signals for BubR1 were detected in Axin1 gene knockdown oocytes, but the control oocytes showed no such signals (Fig 4C) . Detection of BubR1 signal indicates activation of the SAC proteins. 
Axin-1 Regulates Meiotic Spindle Organization in Mouse Oocytes
Knockdown of Axin1 gene expression decreased the pronuclear formation rate After Axin1 or control siRNA microinjections, we activated the oocytes to determine the effects. As shown in Fig 4D, control oocytes exhibited a high rate of pronuclear formation (76.7 ± 0.9%, n = 80). However, a low rate was seen in the oocytes injected with Axin1 siRNA. Moreover, treatment with LiCl markedly increased the rate of pronuclear formation compared with the Axin1 siRNA-injected group (40.5 ± 3.3%, n = 67 vs. 5.8 ± 3.0%, n = 68).
Discussion
We investigated the localization and potential functions of Axin-1 during meiotic maturation in mouse oocytes. Axin-1 was localized around spindles during this process. Downregulation of Axin1 gene expression by siRNA microinjection caused abnormal MTOC protein localization, disrupted the meiotic spindles, caused the chromosomes to misalign, led to activation of the SAC protein BubR1, and caused failure of PB1 extrusion. The addition of LiCl rescued the formation of normal spindles and pronuclei. These results suggest that the Axin-1 plays an important role in the structure of the spindle and the development of oocytes.
During mitosis, Axin-1 is localized to spindles and centrosomes [17, 18] . In our study, we found Axin-1 was located around the spindles during meiotic maturation. This localization of Axin-1 was analogous to those of other proteins, such as GM130 [25] and MEK1/2 [26] , which are required for proper spindle formation in oocyte meiosis. Another study showed that Axin-1 was involved in microtubule nucleation in mitosis [17] . Thus, further study is necessary to determine exactly how Axin-1 is involved in spindle formation.
We found that Axin-1 might interact with centrosome-associated proteins to regulate spindle assembly in mouse oogenesis. We examined spindle morphology after depleting the level of the Axin-1 protein by siRNA microinjection. The Axin-1-depleted oocytes exhibited various types of morphologically defective spindles. Microtubules are primarily nucleated by centrosomes or MTOCs localized at the spindle poles [27] . γ-tubulin is a major component of the pericentriolar material of MTOCs. Nek9 colocalizes with γ-tubulin at MTOCs during meiosis and acts in regulating spindle organization [24] . Here we found that γ-tubulin and Nek9 became detached from the spindle poles in oocytes treated with siRNA for the Axin1 gene. This suggests that the Axin-1 protein might participate in regulating spindle organization by affecting integral and associated MTOC proteins.
The meiotic spindle is a vital structure for the events following fertilization such as the completion of meiosis, pronuclear migration, and formation of the first mitotic spindle [28] . We found a low rate of pronuclear formation in the Axin1 siRNA-injected group. Moreover, the culture medium supplemented with LiCl-a Wnt pathway activator [29] [30] [31] -improved the pronuclear formation rate. We also found fewer disorganized spindles in the siRNA injected with LiCl group. Clearly, Axin-1 is important for oocyte meiosis.
Next, we found that Axin-1 depletion led to the failure of PB1 extrusion. However, abnormal spindle assembly caused by the loss of function of key proteins such as BRCA1 might not always affect PB1 extrusion [32] . In some other studies, PB1 extrusion was decreased when key proteins were disrupted. For example, depletion of Nek9 was shown to activate the SAC and cause arrest at the pro-MI/MI stage [24] . As Axin-1 depletion decreased the PB1 extrusion rate, such meiotic arrest might be related to SAC functions. During mammalian mitosis and meiosis, the SAC system acts to prevent premature progression to anaphase until all chromosomes are correctly attached to the spindle. The SAC proteins include mitotic Mad1, Mad2, BubR1, and Mps1 [4, [33] [34] [35] [36] . Here, we detected specific signals for BubR1 in the Axin1 siRNA group, while in the control group we did not detect any such signal. This result confirmed that Axin-1 depletion activated the SAC protein BubR1 at MI, and then disrupted PB1 extrusion.
Conclusions
Our data strongly suggest that Axin-1 regulates spindle assembly, chromosome alignment, and the metaphase-anaphase transition during meiotic maturation in mouse oocytes. 
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